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Tear resistance and stress relaxation behavior of high-strength AA7075-T6 aluminum alloy 
sheet at warm temperatures near 200 °C 
 
Daniel Edward Nikolai, MSE 
 
Supervisor: Dr. Eric M. Taleff 
 The use of lightweight metals is of great interest to the automotive industry for improving 
vehicle efficiency. The automotive industry is particularly interested in lightweight metals with 
high strength-to-density ratios that can perform well in crash scenarios. To this end, high-strength 
aluminum alloys are investigated for body-in-white applications. Currently, 6xxx series aluminum 
alloys are the most commonly used aluminum materials for the body-in-white. AA7075-T6 offers 
comparable density to and significantly higher strength than the 6xxx series aluminum alloys. 
However, AA7075-T6 demonstrates low ductility and formability at room temperature, which are 
barriers to producing and mechanically fastening components for the body-in-white. Prior 
investigations by Rader et. al. demonstrated that the ductility of AA7075-T6 sheet is 
approximately doubled at warm temperatures near 200 °C, allowing it to be stamped to complex 
geometries. However, joining of AA7075-T6 sheet remains a significant challenge. The present 
study investigates the material behaviors necessary to determine the potential for joining of 
AA7075-T6 sheet at warm temperatures by self-piercing riveting. Self-piercing riveting is 
commonly used with the lower strength 6xxx series aluminum alloys in the automotive industry. 
Tear-resistance and stress-relaxation experiments are conducted to evaluate the potential for 
successfully implementing of self-pierce riveting in AA7075-T6 sheet at warm temperatures. Tear 
energy measurements at warm temperatures appropriate for retrogression heat treatments in 
AA7075-T6 are compared to measurements at room temperature. A four-fold increase in the tear 
energy of AA7075-T6 at warm temperatures suggests a high possibility for success with self-
piercing riveting at these temperatures. Rapid stress relaxation of up to 45% of the flow stress 
produced during deformation at warm temperatures indicates a potentially significant reduction in 
residual stresses after deformation, which should reduce spring-back after forming and reduce the 
chance of delayed cracking in AA7075-T6 sheet after the application of a self-piercing rivet. These 
experimental results support the potential to successfully apply a self-piercing rivet to AA7075-
T6 sheet at a warm temperature while simultaneously retrogressing the material.  Because a 
subsequent reaging heat treatment is known to restore full strength following a retrogression heat 
treatment, the retrogression riveting and reaging process is proposed as a method to successfully 
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Table 1: A list of terms and abbreviations used in this report. 
 
RFRA Retrogression Forming and Reaging 
SPR Self-pierce Riveting 
RRRA Retrogression Riveting and Reaging 
E  Total tear energy, J 
IE Total initiation energy, J 
PE Total propagation energy, J 
UIE  Unitized initiation energy, J/mm2 
UPE  Unitized propagation energy, J/mm2 
v Crosshead pull rate, mm/min 
ε True strain 
𝜀̇ True-strain rate, s-1 
𝜎0 True flow stress, MPa 
𝜎∞ True relaxed stress, MPa 
T  Temperature, °C 
 
1.1: Introduction to the present study 
 This study is undertaken to investigate the potential of retrogression riveting and reaging 
(RRRA) as a new sheet material fastening process for aluminum alloy 7075 in the T6 strength 
condition. The RRRA process may be useful in the automotive industry’s efforts to pursue vehicle 
mass reduction and safety improvement. RRRA is proposed to implement self-pierce riveting for 
high strength aluminum alloys such as AA7075-T6. AA7075-T6 is stronger than the current 
aluminum alloys used in the automotive industry and could further contribute to vehicle mass 
reduction. This study investigates two issues of importance to RRRA: tear resistance at warm 
temperatures and stress relaxation at warm temperatures. Data are presented from experiments that 
measure and quantify these effects. These data are analyzed to predict the tear resistance and 
degree of stress relaxation in AA7075-T6 at temperatures and deformation rates pertinent to further 
development of the RRRA concept.  A list of terms and abbreviations used in this report is outlined 
in Table 1.  
 
1.2: Motivation for present study  
The automotive industry is pursuing applications of high-strength aluminum alloys for 
increased vehicle performance, particularly fuel efficiency and vehicle safety improvements in 
crash scenarios [1-4]. High-strength aluminum alloys offer an especially attractive potential for 
mass reduction in specific internal vehicle body components, such as side-intrusion beams and B-
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pillars [1]. Their combination of high strength and low density can compete with ultra-high 
strength steels (UHSSs) for such applications. Aluminum-intensive automobile bodies, to which 
high-strength aluminum alloys can be important contributors, are expected to provide a mass 
reduction of up to 50% compared to traditional steel bodies [5,6].  
 Aluminum alloy AA6111-T4 and AA6111-T82 sheet is currently used in cold-stamped 
automotive body components. After stamping and subsequent hardening with a paint-bake heat 
treatment, the yield strength of AA6111-T4 increases from 150 MPa to as much as 230 MPa [7]. 
After hardening with a heat treatment of 225 °C for 30 minutes, the yield strength of AA6111 
increases from 150 MPa to as much as 280 MPa in achieving the T82 temper [35].  The paint-bake 
heat treatment is used to cure the paint applied to the vehicle body during manufacturing.  The 
7xxx-series aluminum alloys offer greater strengths than 6xxx-series aluminum alloys. AA7075-
T6 has a yield strength of 490 MPa. The 7xxx-series of aluminum alloys’ susceptibility to stress-
corrosion cracking is of concern for components exposed to the external environment but is much 
less of a concern for application in internal body components. The implementation of 7xxx-series 
aluminum alloys in automotive structural components is currently impeded by low formability and 
difficulty with joining. These challenges have limited 7xxx-series aluminum alloys in all but exotic 
automobiles [2]. Substantial advances have been made toward improving the formability of 7xxx-
series alloys using hot and warm forming [8-16]. A recent academic investigation at the University 
of Texas at Austin demonstrated a novel process for forming complex geometries with AA7075-
T6 sheet material.  This process is termed retrogression forming and reaging (RFRA). The 
investigation involved stamping AA7075-T6 sheet to a complex geometry by warm forming and 
subsequently applying a reaging heat treatment to achieve a final strength equal to or greater than 
the T6 condition [16-21]. That study established the ability of RFRA to form realistic automobile 
components using AA7075-T6 sheet without loss of strength, leaving joining as a primary obstacle 
to an increased application of high-strength AA7075-T6 sheet in automobile structural 
components.  
 High-strength 7xxx-series aluminum alloys are generally not weldable. The advanced 
welding techniques currently viable only in a laboratory setting can create sound welds but locally 
decrease the strength of the base material significantly below the T6 condition [22-24].  Thus, even 
these advanced techniques do not offer much hope of solve the joining problem with 7xxx-series 
alloys. Low ductility and low tear resistance in the peak-aged condition impede traditional 
mechanical joining methods used in mass production, such as self-piercing rivets.  For the high-
volume production of the automotive industry, the expensive fasteners used in the aerospace 
industry are impractical.  A technological advance is needed to provide a practical option for 
joining of 7xxx-series aluminum alloy sheet materials for automotive manufacturing.  The work 
presented in this thesis is intended to support that technological advance by acquiring data and 






1.3: Self-Pierce Riveting (SPR) 
A joining method applied to many steels and to aluminum alloys of low to moderate strength 
is self-piercing riveting (SPR). Ford Motor Company (Ford) successfully uses SPR to join 
aluminum sheet components produced in AA6111-T4 and AA6111-T82 sheet for the F-Series 
pickup trucks.  The rivets used in SPR are generally made in a cold-formed boron steel from drawn 
wire and treated to the desired hardness. The simplest SPR application is used to join two sheets 
of material. A rivet is punched through the top sheet and partially penetrates the bottom sheet while 
flaring outward to create a mechanical interlock. SPR is advantageous because it eliminates pre-
drilled rivet holes, thus increasing manufacturing efficiency. Fig. 1(a) shows a cross section of a 
successful SPR joint, and Fig. 1(b) shows a schematic of the features required for a successful SPR 
joint. Fig. 2 shows the steps involved in creating a successful SPR joint between two sheets [25]. 
As shown in Fig. 1(b), both a significant rivet flare length, f, and reasonable thickness of uncracked 
sheet material between the rivet and back surface of the bottom sheet, b, are required for a 
successful joint. Successful SPR processes require a balance of strength in both the rivet and sheet 
materials and a high tear resistance in the sheet materials. Low tear resistance in the bottom sheet 




(a): Image: Dr. Peter Friedman, Ford (b) Image: Dr. Eric Taleff, University of    
Texas at Austin 
 
Fig. 1: A riveted connection in (a) demonstrates the geometry in (b) of a successfully applied 





Fig 2: (a) Initial clamping of a rivet between a punch and two sheets, backed by a die, (b) 
piercing of the first sheet, (c) flaring of the rivet into the second sheet against the die 
 
Prior attempts to create successful SPR joints in high-strength aluminum alloys have been 
unsuccessful [25-29]. The high-strength 7xxx-series aluminum materials of interest have 
insufficient ductility and tear resistance at room temperature for successful SPR joining, as 
demonstrated by cracking in the bottom sheet [25]. Delayed cracking also challenges the success 
of SPR with 7xxx-series alloys [27], possibly attributable to residual stresses. SPR joining can 
produce residual stresses that cause delayed cracking of the bottom sheet material in hours or even 
days after the joint is completed. If SPR can be successfully applied to AA7075-T6, the higher 
strength of this alloy compared to the 6xxx-series alloys could be attractive for some automotive 
applications. 
The present study pursues the potential for improving SPR applications with AA7075-T6 sheet 
by investigating improvements in tear resistance and reductions in residual stresses by applying 
warm temperatures. Applying SPR during a retrogression heat treatment of approximately 200 °C 
may provide sufficient ductility to avoid immediate cracking in AA7075-T6, will reduce the flow 
stresses that lead to residual stresses, and may induce stress relaxation that further reduce residual 
stresses. These combined effects may avoid delayed cracking in AA7075-T6. A subsequent 
reaging heat treatment can be applied to recover any strength lost during the retrogression heat 
treatment [16-19]. This is the retrogression riveting and reaging (RRRA) concept. 
 
1.4: Tear Resistance of AA7075-T6 
The Kahn tear test measures energies required for a crack to initiate and propagate through a 
sheet of material. Ford determined that high tear-test energies correlate with good performance in 
SPR joining; higher tear energy is indicative of higher tear resistance. Ford collaborated with Al-
Mahshi at the University of Michigan at Dearborn on tear tests of 6111 aluminum alloys in two 
heat treated conditions at room temperature. Their results are reported in Table 2 [30]. These data 
are compared with data acquired for the present investigation of AA7075-T6 sheet. Kahn tear tests 
were conducted on AA7075-T6 sheet at room temperature and at elevated temperatures 
5 
 
appropriate for retrogression heat treatments [18,19]. Tear test energies similar to those of the 6111 
materials would suggest a potential for success in SPR joining of AA7075-T6. 
Table 2: The unit tear energy values measured for AA6111 by Al-Mahshi [30]. 
Material T, °C UIE, J/mm2 UPE, J/mm2 
AA6111-T4 25 0.26 0.30 
AA6111-T82 25 0.18 0.16 
 
AA7075-T6 sheet exhibits increased ductility at the warm temperatures used for retrogression 
heat treatments [16-19]. This increased ductility is expected to increase tear resistance.  A 
recommended retrogression heat treatment for AA7075-T6 is 200 °C for no longer than 12 
minutes. Retrogression at 200 °C for times longer than 12 minutes produces an unrecoverable loss 
of strength [17]. Both time and temperature of retrogression are very important. Short retrogression 
times reduce the possibility of unrecoverable strength loss. The ductility of AA7075-T6 at 200 °C 
is approximately twice that at room temperature, thus increasing formability. The RRRA concept 
will apply such a retrogression heat treatment to the sheet material locally while a self-piercing 
rivet is applied in a single retrogression riveting step. 
A reaging heat treatment after retrogression can recover strength lost during retrogression. A 
recommended reaging heat treatment for AA7075-T6 is 120 °C for 24 hours [17]. This reaging 
heat treatment was observed to fully recover, and even exceed, the T6 strength for AA7075 
following a carefully controlled retrogression heat treatment. An alternative reaging option is a 
simulated paint-bake procedure, 185 °C for 25 minutes [18]. This treatment was observed to 
recover approximately half the strength lost during retrogression of AA7075-T6. The simulated 
paint-bake is less effective than the recommended reaging heat treatment. The simulated paint-
bake mimics one automotive manufacturing process used to bake the paint on vehicle bodies. 
Using the paint bake to recover strength after retrogression requires no new steps in the 
manufacturing process [16-19].  The RRRA concept will apply a single reaging heat treatment to 
recover and strength lost during the retrogression riveting step. 
 
1.5: Stress Relaxation 
 Jäckel et al. hypothesized that delayed fracture in 7xxx-series aluminum alloys may be 
attributable to stress corrosion cracking [27]. However, a reduction in residual stresses could play 
an important role in preventing delayed fracture. Stress relaxation behavior in AA7075-T6 would 
indicate a reduction of residual stresses after straining the material and a lower chance of delayed 
fracture. This would be useful to RRRA and RFRA procedures.  
 Stress relaxation is a drop in stress over time in a material held at a constant strain. 
Although commonly observed at the hot temperatures typical of creep conditions, little is known 
about the stress relaxation behaviors of high-strength aluminum alloys like AA7075-T6 at warm 
temperatures. Stress relaxation in AA7075-T6 at the warm temperatures suitable for retrogression 
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may prove important to reducing residual stresses. Reduced residual stresses after completion of 
an RRRA operation makes the RRRA process more industrially attractive.  
 Stress relaxation in AA7075-T6 may improve the application of RFRA by reducing 
springback. Springback currently presents a challenge in stamping sheet material to precise 
geometries. Springback is the elastic recovery of a component when it is removed from a stamping 
die. The effects of springback are difficult to predict, but their prediction is critical to proper die 
design. The effects of springback on high-strength aluminum alloys at room temperature are more 
pronounced than at elevated temperature because of a decrease in flow stress with increasing 
temperature. However, springback is still a concern for warm forming processes. There is no sound 
physical basis for predicting the springback from high-strength aluminum alloys during warm 
forming.  
 An accurate and practical method to predict the springback behavior of AA7075-T6 at 
warm temperatures is critical to enabling the industrial forming of complex components by warm 
forming. The present study investigates stress relaxation behavior in AA7075-T6, which is 
essential to understanding springback behavior. Stress relaxation will decrease the degree of 
springback when a component is removed from a forming die.  The degree of stress relaxation 
depends on the relaxation rate and the duration of time during which the material is held in the die 
at the warm temperature, e.g., the time over which the strain is held constant.  Thus, understanding 
stress relaxation is necessary to predict the degree of springback.  A goal of this study is to quantify 
stress relaxation in an AA7075-T6 sheet material following tensile deformation at strain rates and 
a temperature appropriate to retrogression forming and retrogression riveting.  
 
1.6: Outline of Work 
 This study is undertaken to investigate the potential for success of the RRRA concept for 
joining AA7075-T6 sheet materials. This is to be accomplished by investigating the tear resistance 
and stress relaxation of AA7075-T6 sheet at warm temperatures. Greater tear resistance improves 
formability and SPR joining ability. The quantification of stress relaxation is necessary to predict 
springback and residual stresses after deformation.  
The tear resistance and stress relaxation behaviors of AA7075-T6 are investigated at warm 
temperatures appropriate for the retrogression heat treatment. Kahn tear tests were conducted to 
quantify and compare the tear resistance of AA7075-T6 at room temperature and elevated 
temperatures. Different pulling rates were investigated during to compare the effects of tearing 
speed on tear resistance. Tensile tests were conducted to measure the effects of stress relaxation 
on AA7075-T6 at elevated temperature. Specimens were pulled to predetermined true strains at a 
constant true-strain rate and held at that true strain for an extended time while stress was 
measured to investigate stress relaxation. Combinations of two different true strain values and 






Tear Test Experiments 
2.1: Introduction 
 Kahn tear tests were used to measure and quantify tear energy of AA7075-T6 sheet. Higher 
tear energy is analogous to higher tear resistance. Specimens were tested at three different 
temperatures suitable for retrogression heat treatments of AA7075-T6. Specimens were torn at 
different pull rates to quantify the effects of tearing speed on tearing resistance. This chapter covers 
the testing material, procedures, and equipment, the experimental results and analysis, and 
conclusions gathered from the tear test data.  
 
2.2: Materials and Test Equipment 
Table 3: The nominal chemical composition of AA7075, wt. pct. [31] 
 
Zn Mg Cu Cr Fe Si Mn Ti Al 
5.1-6.1 2.1-2.9 1.2-2.0 0.18-0.28 < 0.5 < 0.4 < 0.3 < 0.2 Bal. 
 
Kahn tear test experiments were conducted on AA7075 aluminum alloy sheet in the T6 
temper. The material was produced by the Alcoa Corporation as 2-mm-thick sheet, ALCOA-DPW 
lot 593-042. The nominal composition of AA7075 is listed in Table 3 [31]. The material was 
received in the T6 temper. Kahn tear tests, based on ASTM B871-01 [32], were conducted. Ford 
uses a slightly modified specimen geometry based on the ASTM B871-01 standard. This modified 
geometry, also used by the University of Michigan at Dearborn to generate the data reported in 
Table 2 [30], is used in the present investigation. The modified specimen geometry is shown in 
Fig. 3. The general design of the tensile grip apparatus is described in ASTM B871-01. Fig. 4 






Fig. 3: Adapted Kahn tear test specimen, with dimensions in mm 
 
 
Fig. 4: Kahn tear test specimen loaded into grip apparatus 
The Kahn tear test specimens were machined in two steps to the dimensions shown in Fig. 
3. The first step was water-jet cutting of the outer rectangular specimen shape and the loading-pin 
holes. Specimens were oriented with the sheet rolling direction parallel to the tensile loading 
direction. The crack propagation direction is orthogonal to the sheet rolling direction. This 
orientation is consistent with the “L-T” orientation described in ASTM B871-01 [32]. The crack 
notch geometry defined in Fig. 3 is critical to the accuracy and reproducibility of the Kahn tear 
test. Crack notches were machined using wire electrical discharge machining. This step ensured 
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accurate and repeatable production of the crack notch radius.  The crack notch is shown in Fig. 5. 
Two small holes were machined into the specimen, one each on the top and bottom regions away 
from the notch. These holes served as mount points for two K-type thermocouples used to monitor 
specimen temperature throughout each test, as shown in Fig. 4.  
 
 
Fig. 5: Crack notch of a tear test specimen, machined using wire electrical discharge machining. 
 
 As shown in Fig. 4, grips were attached to these pull rods to load specimens as per ASTM 
B871-01. The top grip is attached through a joint allowing free rotation to ensure proper specimen 
alignment with the loading axis. Pins held each specimen in place for load transfer, and shims on 
either side of the specimen aligned it to the centerline of the loading axis. 
To conduct a test, the furnace is first preheated to 30 °C higher than the desired test 
temperature. This compensates for the temperature drop while inserting a specimen for testing. 
Each specimen is inserted into the pinned fixtures as rapidly as possible to minimize heat loss from 
the furnace. Specimen temperature is monitored with two K-type thermocouples in contact with 
the specimen, as shown in Fig. 4. A separate thermocouple measures ambient temperature within 
the convective furnace and is used for furnace temperature control. Only data from specimens that 
reach the desired test temperature within four minutes are reported. Testing at a constant pulling 
rate commences upon the average temperature from the specimen thermocouples reaching within 
2 °C of the desired test temperature. Specimen temperature is monitored throughout the test. Upon 
rupture, the specimen is quickly removed and quenched in water. The temperatures and pull rates 
applied for the present investigation are provided in Table 4, along with the number of tests 






Table 4: The number of tests conducted is listed for each combination of 
temperature and pull rate. 
 v, mm/min 
T, °C 2 4 8 16 32 64 128 256 512 1024 
25 3 - - - - - - - - - 
180 - - - - - 5 - - - - 
190 - - - - - 5 - - - - 
200 6 1 1 1 1 7 6 1 6 1 
 
Crosshead pull rates that produce rates of deformation and fracture similar to those that might 
be expected from an industrial RRRA application are preferred. Fast rates are desirable for fast 
rivet completion and for minimizing the time that the sheet material is exposed to elevated 
temperature. For these reasons, crosshead pull rates faster than those prescribed in ASTM B871-
01, 1.5 to 2.5 mm/min, were explored. To determine the effect of pull rate on material response, 
pull rates from 2 to 1024 mm/min were applied, as listed in Table 4. 
 Tear tests were conducted at 25, 180, 190, and 200 °C. Elevated temperatures were selected 
to be appropriate for retrogression heat treatments of AA7075-T6. This range of temperatures was 
used to determine the effect of temperature on material response. Each specimen tested at elevated 
temperature was quenched in room-temperature water after rupture. Reaging following elevated-
temperature tests was not investigated for this study. The effectiveness of reaging AA7075 
following retrogression is demonstrated in prior work [16-19].  
Tear tests at room temperature provide a reference for the comparison of tear energy values 
obtained at elevated temperatures. The room-temperature test data for AA7075-T6 are also useful 
to compare against data from the literature for AA6111. The room temperature tests of AA7075 
were conducted using the same equipment as the elevated temperature tests, but with the furnace 
off. 
Selected specimens were photographed after testing to record the characteristics of their 
fractures and fracture surfaces. Photographs were taken with a digital single-lens reflex camera 
equipped with a macro lens. 
 
2.3: Tear Test Results and Analysis 
Plots that display force against crosshead displacement provide the best visual representation 
of tear energies for various test conditions. Data from different test conditions are presented in this 
manner in Figs. 6 through 8. The area under the data curve is equal to the total tear energy of the 
specimen. The peak of the applied load indicates crack initiation and is represented by a vertical 
dashed line in the figures presented here. The area under the curve before this peak load is defined 
as the crack initiation energy (IE), and the area under the curve after this peak load is defined as 




Fig. 6: Force versus crosshead displacement for T = 25 °C, v = 2 mm/min 
Fig. 6 presents data for force versus crosshead displacement from an AA7075-T6 specimen 
tested at 25 °C with a pull rate of 2 mm/min. These conditions produce a low initiation energy and 
a very small propagation energy. The average energy values from three tests conducted at these 






Fig 7: Force versus crosshead displacement for T = 200 °C, v = 2 mm/min 
  
Data are presented in Fig. 7 as force versus crosshead displacement for a specimen of tested 
at 200 °C and a pull rate of 2 mm/min. Comparing these data to those of Fig. 7 indicates substantial 
increases in initiation energy and especially propagation energy at elevated temperature. The 
average energy values for all tests at this and all other test conditions are listed in Table 5. The 
average propagation energy for specimens pulled at 2 mm/min and 200 °C is approximately 17 
times greater than the average propagation energy for specimens pulled at 2 mm/min and 25 °C.  
The average initiation energy is approximately doubled. Data are presented in Fig. 8 as force versus 
crosshead displacement for a specimen of tested at 200 °C and a pull rate of 64 mm/min. The 
propagation energy at this fast rate is slightly smaller than that measured for 2 mm/min but remains 
significantly higher than the propagation energy at room temperature. The small jump in force near 
the end of the data curves in Figs. 7 and 8 is the result of a plastic hinge. Just before tearing 
completely ruptures the specimen, the small ligament of material in front of the tear begins bending 
plastically.  The plastic hinge created by this final untorn ligament absorbs energy as it bends 
plastically, causing the small rise in force just prior to specimen rupture.  This effect was only 
observed at elevated temperatures.  Comparing the data in Figs. 7 and 8 suggests that the 




Fig. 8: Force versus crosshead displacement for T = 200 °C, v = 64 mm/min 
 




mm/min Tests E, J IE, J UIE, J/mm2 PE, J UPE, J/mm2 
25 2 3 6.25 5.35 0.10 0.91 0.02 
180 64 5 18.3 8.17 0.15 10.1 0.19 
190 64 5 18.7 8.39 0.16 10.3 0.19 
200 2 6 28.7 10.7 0.21 18.0 0.34 
200 4 1 27.8 10.2 0.19  17.6 0.33 
200 8 1 26.3 10.1 0.19  16.2 0.31 
200 16 1 24.9  9.64 0.18  15.3 0.29 
200 32 1 24.2  10.2 0.19  14.0 0.26 
200 64 7 23.1  9.85 0.19  13.3 0.25 
200 128 6 20.1  9.71 0.19  10.4 0.20 
200 256 1 18.4  9.05 0.17  9.33 0.18 
200 512 6 15.0  6.96 0.13  8.09 0.15 





Fig. 9: Unit initiation energy values versus crosshead pull rate, T = 200 °C 
 




Data for unit initiation energy and unit propagation energy at 200 °C are presented against 
the logarithm of pull rate in Figs. 9 and 10, respectively. Unit energies are total energies divided 
by the ideal area of the tear.  That area is calculated as the specimen thickness (2 mm) multiplied 
by the specimen length along the direction of the tear (25.7 mm); see Fig. 3. A curve was fit to 
each data set to produce a line on the semilogarithmic axes in Figs. 9 and 10. The fitted curves are 
shown in Figs. 9 and 10. Both the unit initiation energy and the unit propagation energy decrease 
slightly with pull rate.  For pull rate v, the fit for unit initiation energy is, 
 𝑈𝐼𝐸 = −0.011(𝑙𝑜𝑔(𝑣)) + 0.22 , (2.1) 
and the fit for unit propagation energy is, 
 𝑈𝑃𝐸 = −0.035(𝑙𝑜𝑔(𝑣)) + 0.38 . (2.2) 
The goodness of fit (R2) values for the fits given by Eqns. (2.1) and (2.2) are 0.61 and 0.87, 
respectively. 
 Practical industrial implementation of the RRRA concept will likely require rapid rivet 
application that causes tearing significantly faster than the tearing under the pull rates prescribed 
in ASTM B871-01. Testing specimens at 2 mm/min, as per ASTM B871-01, required nine minutes 
to a complete a tear. A pull rate of 64 mm/min required less than 20 seconds to complete a tear.  
This faster pull rate provides a tear rate that is likely closer to that of a viable RRRA operation.  
 The UIE values measured for AA7075-T6 at 200 °C and pull rates up to 128 mm/min are 
between those reported by Al-Mahshi [30] for AA6111-T4 (0.26 J/mm2) and AA6111-T82 
(0.18 J/mm2) at room temperature and standard pull rates; see Table 2.  The UPE values measured 
for AA7075-T6 at 200 °C and pull rates up to 8 mm/min are greater than that reported for AA6111-
T4 (0.30 J/mm2) at room temperature.  The UPE values measured for AA7075-T6 at 200 °C and 
pull rates up to 512 mm/min are greater than that reported for AA6111-T82 (0.16 J/mm2) at room 
temperature.  Tear tests of AA7075-T6 at temperatures of 190 and 180 °C at a pull rate of 
64 mm/min produced values of UIE and UPE only slightly less than those measured at 200 °C for 
the same pull rate. Fig. 11 shows UPE versus temperature for these three test temperatures. The 










Fig. 12: Macrophotographs of fracture surfaces are shown for specimens tested at (a) 2 mm/min, 





Fig. 13: Macrophotographs of fracture regions are shown for specimens tested at (a) 2 mm/min, 
25 °C and (b) 2 mm/min, 200 °C 
Figs. 12 and 13 present macrophotographs of fracture surfaces and regions for specimens 
tested at two different conditions. Figs. 8(a) and 9(a) display a specimen tested to rupture at 2 
mm/min and 25 °C, the same test conditions as the data presented in Fig. 6. This fracture is more 
brittle than those produced at elevated temperatures. This room-temperature test produced a mostly 
slanted fracture surface with no perceptible thinning of the specimen along its thickness.  The 
fracture surfaces shown in Figs. 12(b) and 13(b) demonstrate significant ductility during rupture 
at 200 °C. The fracture surface is generally flat, and significant specimen thinning along the 
thickness direction is evident. The end of the fracture, top of the image, demonstrates significant 
deformation from the plastic hinge created at the end of the fracture process. 
 
2.4: Tear Test Conclusions 
1. Kahn tear tests were used to measure the tear energies of AA7075-T6 sheet material at room 
and elevated temperatures.  The UIE at 200 °C is approximately twice that at room temperature 
for a pull rate of 2 mm/min, which is within the range prescribed by ASTM B871-01 [32]. UIE 
values gradually decrease with increasing pull rate at 200 °C, as described by Eqn. (2.1). The UPE 
at 200 °C is approximately seventeen times that at room temperature for a pull rate of 2 mm/min. 
UPE values gradually decrease with increasing pull rate at 200 °C, as described by Eqn. (2.2).  At 
200 °C and a pull rate of 512 mm/min, the UPE remains approximately ten times that measured at 
room temperature and 2 mm/min.  Tear tests conducted at temperatures of 180 and 190 °C for a 
pull rate of 64 mm/min demonstrate UIE and UPE values only slightly less than those measured 
at 200 °C and the same pull rate.  All specimens tested at elevated temperature demonstrate fracture 
surfaces with far more ductility than at room temperature.  The specimens tested at elevated 
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temperatures and all but the fastest rates demonstrate a significant plastic hinge near the end of 
ductile tearing. 
2. The UIE values measured for AA7075-T6 at 200 °C and pull rates up to 128 mm/min are 
between those reported by the Al-Mahshi [30] for AA6111-T4 and AA6111-T82 at room 
temperature and a standard pull rate.  The UPE values measured for AA7075-T6 at 200 °C and 
pull rates up to 8 mm/min are greater than that reported for AA6111-T4 at room temperature.  The 
UPE values measured for AA7075-T6 at 200 °C and pull rates up to 512 mm/min are greater than 
that reported for AA6111-T82 at room temperature. 
3. The high values of UPE measured for AA7075-T6 sheet at elevated temperatures compared to 
those reported by Al-Mahshi for AA6111-T4 and AA611-T82 suggest the feasibility of applying 
the RRRA concept for joining of AA7075-T6 sheet.  The RRRA concept is to locally heat the 
sheet material to an elevated temperature that increases tear resistance sufficiently to apply a self-
piercing rivet.  The data presented indicate that 200 °C is an appropriate temperature for AA7075-
T6 sheet.  The RRRA concept further suggests that any strength lost during SPR application at 





















Stress Relaxation Tests 
3.1: Introduction 
 Stress relaxation tests were used to measure and quantify stress relaxation data for 
AA7075-T6 sheet. Specimens were pulled to two different target true strain values (0.05 and 0.10) 
at two different true-strain rates (3.2 × 10-3 s-1 and 3.2 × 10-2 s-1). Predictable stress relaxation 
behavior for combinations of these tests conditions is useful for industrial applications of RRRA 
and RFRA.  
 
3.2: Materials and Test Equipment 
 Stress relaxation tests were conducted on specimens of AA7075-T6 sheet in the T6 temper. 
The material was produced by the Alcoa Corporation as 2-mm thick sheet, ALCOA-DPW lot 593-
042. The nominal composition of AA7075 is listed in Table 3 [31]. The geometry of the specimens 
used for tensile specimens is adapted from ASTM E2448-11e1 [33], which describes the 
determination of superplastic properties of metallic sheet materials; the AA7075-T6 sheet material 
is not superplastic. The specimen geometry is shown in Fig. 14.  
The design of the grip fixtures used to conduct tensile tests is described in ASTM E2448-
11e1, and Fig. 15 shows a specimen loaded into the grip fixtures used for the present study. Shims 
were inserted into the grip fixtures to hold the specimens firmly in place and prevent lateral 
movement during testing.   
 
Fig. 14: Tensile test specimen geometry, with dimensions in mm. Thickness is as received. The 





Fig. 15: Tensile specimen loaded into grip fixtures 
Tensile coupons were machined according to the guidelines in ASTM E2448-11e1 with the 
dimensions shown in Fig. 14 using water-jet cutting. The specimens were cut in the “L-T” 
orientation, with the rolling direction parallel to tensile direction.  
Stress relaxation tests were conducted using an MTS Model 312.31 computer-controlled 
servohydraulic test frame connected to a 2-kip load cell. A convective furnace attached to the test 
frame provided the elevated temperatures necessary for testing. Pull rods entered the furnace and 
attached to grips within the furnace.  Tensile specimens were loaded into the heated grips. Shims 
were inserted into the grips to hold the specimens firmly in place and prevent lateral movement 
during testing. Tensile tests were computer controlled using an MTS FlexTest™ digital controller. 
The MTS Station Manager Version 5.5B 4243 software was used to control the strain rate, total 
displacement, and hold time during each test. This software was also used to acquire the test data. 
The MTS Station Manager software was used to control the strain rate, total displacement, and 
hold time during each test. The software was also used to acquire test data. Control files were 
written and uploaded into the MTS Station Manager software to control the piston displacement 
rate history of the test frame to achieve the strain rates required for the tests. A unique file is 
required for each strain rate and specimen geometry tested. In the case of the present study, 
AA7075-T6 specimens were tested at two unique true-strain rates, 3.2 × 10-3 s-1 and 3.2 × 10-2 s-1. 







The gauge region of the specimens is not long enough to allow for a strain gauge to be attached. 
Instead, a simple calculation based on the initial specimen geometry was employed to determine 
the piston displacement rate necessary to achieve the desired strain rate and the time necessary to 
achieve a target specimen strain before measuring stress relaxation.   The geometry of each 
specimen was measured before testing, and the control parameters were altered as needed to 
produce the necessary test condition for that specimen. 
To conduct a test, the furnace was first preheated to 230 °C, 30 °C higher than the desired test 
temperature of 200 °C. Setting the furnace to a higher temperature compensates for the temperature 
drop that occurs when inserting a specimen into the grips, which requires that the furnace door be 
open. Each specimen was inserted as quickly as possible to minimize heat loss from the furnace. 
Specimen temperature was monitored with two K-type thermocouples in contact with the 
specimen. The thermocouples were inserted through the grips, as shown in Fig. 15. It is important 
to ensure that the thermocouples fully contact the specimen before closing the furnace door and 
commencing a test. A separate thermocouple monitors the ambient temperature within the furnace 
and is used for temperature control.  
Testing at the desired strain rate commenced when the average temperature from the 
specimen thermocouples reached within 2 °C of the desired test temperature, 200 °C. Specimen 
temperature was monitored throughout each test. The specimen was first pulled at a constant true-
strain rate for a predetermined time to achieve the desired target true strain prior to stress relaxation 
measurements. After the specimen was pulled for this time, it was held at this final strain and 
200 °C for 480 to 600 s for stress relaxation measurements. Force, time, and crosshead 
displacement data were collected throughout the duration of every test. After the hold time for 
stress relaxation measurements was completed, the specimen was removed from the furnace and 
quickly quenched in water.  
Table 6: The number of tests conducted is listed for each combination of true-strain rate and 
target true strain. 
  Target True Strain 
Strain Rate (s-1) 0.05 0.1 
3.2 × 10-3 3 3 
3.2 × 10-2 3 3 
  
Specimens were pulled at strain rates of 3.2 × 10-3 s-1 and 3.2 × 10-2 s-1 to target true strains of 
0.05 and 0.10, as listed in Table 6. These test conditions were selected because they are expected 
to be representative of strain rates and total strains experienced during retrogression forming. Each 
test was conducted at 200 °C, a temperature appropriate for retrogression heat treatment and 
retrogression forming of AA7075-T6 sheet. Reaging following the elevated temperature tests was 
not investigated for this study. The data acquired are used to characterize stress relaxation of 
AA7075-T6 sheet material for these test conditions.  
To calculate the flow stress and produce accurate stress-strain curves, the raw data gathered 
during testing were corrected to account for several effects, including artifacts of data acquisition 
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and fixture stiffness. Data were corrected for the stiffness of the testing fixtures by applying the 
known specimen geometry and the elastic modulus of aluminum at the test temperature, using the 
elastic modulus for pure aluminum measured by Köster [34]. 
Data were then separated into two sets.  The first set is data during tensile elongation, termed 
the tensile pulling data.  The second set is data after the hydraulic piston was locked in position, 
termed the stress relaxation data.  The flow stress at the end of the tensile pulling data (σ0) was 
measured by averaging the last five stress measurements of that the first data set. The fully relaxed 
stress (σ∞) was measured as the average of the seven data points around the global minimum of 
stress in the second data set during relaxation.  
 
3.3: Stress Relaxation Results and Analysis 
Examples of tensile pulling data are presented in Figs. 16 and 17. Fig. 16 shows true stress 
versus true strain data for specimens deformed to a true strain of 0.05. Fig. 17 shows true stress 
versus true strain data for specimens deformed to a true strain of 0.10. 
 
Fig. 16: True stress versus true strain data for specimens pulled to a true strain of 0.05 at 200 °C 
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Fig. 17: True stress versus true strain data for specimens pulled to a true strain of 0.10 at 200 °C 
 The flow stress is approximately constant for true strain values from 0.05 to 0.10. The 
measured flow stress increases with strain rate. The average flow stress for each test condition is 
listed in Table 7. Table 7 also contains the average fully relaxed stress value and the average 
percent of stress relaxed during stress relaxation for each test condition.  
Significant stress relaxation occurred in the AA7075-T6 specimens while held at a true 
strain value for an extended period of time following straining to either 0.05 or 0.10 true strain. 
Fig. 18 shows true stress versus relaxation time for specimens deformed to a true strain of 0.05. 
Fig. 19 shows true stress versus relaxation time for specimens deformed to a true strain of 0.10.  
 




Fig. 19: True stress versus time for specimens deformed to a true strain of 0.10 at 200 °C 
 
Stress relaxation occurred very quickly in all the specimens tested. The greatest amount of 
stress relaxation occurred during the first minute of holding at a constant true strain. Each of the 
specimens tested were nearly fully relaxed within three minutes of holding. The fully relaxed stress 
was measured as the average of the seven data points around the global minimum of true stress in 
the relaxation data set. The fully relaxed stress was a function of only the strain rate for the 
conditions tested, and the faster experimental true-strain rate produced lower values of relaxed 
stress. This is the opposite of the relationship between true-strain rate and flow stress. 
 
Table 7: Average flow stress, average fully relaxed stress, and average stress reduction percent 
during relaxation are presented for all test conditions. 
Strain Rate (s-1) Target True Strain Tests σ0 (MPa) σ∞ (MPa) Stress Reduction (pct.) 
3.2 × 10-3 0.05 3 335.73 220.60 34.3% 
3.2 × 10-3 0.10 3 346.13 217.53 37.2% 
3.2 × 10-2 0.05 3 371.07 208.53 43.8% 
3.2 × 10-2 0.10 3 378.69 207.69 45.2% 
  
 
A greater percentage of the flow stress relaxed for specimens tested at the faster 
experimental true-strain rate. These results are outlined in Table 7. The percentage of flow stress 
relaxed is defined by Eqn. (3.1).  
 
 
𝑝𝑐𝑡. 𝑜𝑓 𝜎0 𝑟𝑒𝑙𝑎𝑥𝑒𝑑 =  
(𝜎0 − 𝜎∞)
𝜎0







Two specimens experienced slight variations in stress after apparently complete stress 
relaxation while holding at a constant strain. These stress variations are still considered relaxed 
stresses because they are within 5% of the fully relaxed stress value. Both of these specimens 
were deformed at a strain rate of 3.2 × 10-2 s-1. One specimen was deformed to a true strain of 
0.05, and other to a true strain of 0.10. These slight variations in the relaxed stress while holding 
at constant strain are likely the results of thermal expansion and contraction caused by slight 
temperature variations in the specimen and fixtures during testing. Stress was measured from the 
data after approximately complete stress relaxation and then plotted against temperature 
measurements recorded during testing at the same times. A linear fit was then applied to stress as 
a function of temperature.  Plots of the relaxed stress versus temperature are presented in Figs. 20 
and 21. The fit for the data shown in Fig. 20 is, 
 
 𝜎∞ = −1.87𝑇 + 588 𝑀𝑃𝑎, (3.2) 
 
and the fit for the data shown in Fig. 21 is, 
 
 𝜎∞ =  −1.77𝑇 + 572 𝑀𝑃𝑎. (3.3) 
   
Thus, the slope of these data is approximately -2.0 MPa/°C. The goodness of fit (R2) values for 
the fits given by Eqns. (3.2) and (3.3) are 0.78 and 0.98, respectively.  
 
Fig. 20: True stress versus temperature data plotted with a linear fit in the relaxed state for a 





Fig. 21: True stress versus temperature data plotted with a linear fit in the relaxed state for a 
specimen pulled at 3.2 × 10-2 to a true strain of 0.10 
 
 If thermal expansion and contraction from temperature variations during testing is the 
cause of the relaxed stress variations with time, then the slope from the fit should be approximately 
equal to -αE, where α is a thermal expansion coefficient and E is a Young’s elastic modulus.  For 
thermal expansion and contraction of the specimen, these material properties are those of 
aluminum.  For thermal expansion and contraction of the fixtures, these material properties are 
approximately those of nickel, as the fixtures are made of nickel alloys.  If both the specimen and 
fixtures play a role, then the absolute value of the slope of should be between those two values of 












 is the slope of the data for fully relaxed stress versus temperature. 
 
 The fixtures used in the experiments are approximated as pure nickel. Based on  öster’s 
measurement of the elastic modulus of nickel at 200 °C [34], the pull rods are expected to 
experience a relaxed stress change of 2.8 MPa/°C.  öster’s measurement of the elastic modulus 
of pure aluminum at 200 °C suggests that the expected variation of relaxed stress of the specimen 
is 1.4 MPa/°C . The absolute value of the slope values of the fits applied to the relaxed stress versus 
temperature data for the specimens that experienced the stress rebound effect are expected to be 
between 1.4 MPa/°C and 2.8 MPa/°C if the relaxed stress variation is a thermal expansion and 
contraction during temperature fluctuations. The absolute value of the slope measured from the 
data, 2.0 MPa/°C, is within this expected range.  This analysis suggests that the unexpected 
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variations in the fully relaxed stress are likely the result of thermal expansion and contraction from 
modest temperature variations in the specimen and fixtures during testing. 
 
 
3.4: Stress Relaxation Conclusions 
 
1. The flow stress produced by straining AA7075-T6 at a constant true-strain rate is a function of 
strain rate, and not a function of total strain value. For each of the specimens tested in this study, 
the flow stress was only slightly greater than the yield stress, and the flow stress became nearly 
constant shortly after yielding. The faster strain rate of 3.2 × 10-2 s-1 produced a greater flow stress. 
 
2. The greatest amount of stress relaxation in AA7075-T6 occurs during the first minute of holding 
at a constant true strain. AA7075-T6 reaches a fully relaxed state at 200 °C within three minutes 
of being held at a constant strain. The speed at which the stress relaxes is independent of strain 
rate or total true strain. From 34 to 45% of the flow stress was relaxed under the test conditions. 
 
3. The stress in samples of AA7075-T6 sheet drop to an effectively constant relaxed stress value 
after straining ceases at a specific strain rate. The value of the fully relaxed stress is a function of 
the initial strain rate, not the total strain accumulated.  
 
4. A greater percentage of the flow stress relaxes for specimens deformed at the faster experimental 
strain rate.  
 
5.The data presented indicate predictable stress relaxation behavior in AA7075-T6, which should 
prove useful for implementing the retrogression forming and reaging and retrogression riveting 
and reaging concepts. The data indicate that faster stamping is better for residual stress reduction 
regardless of total strain up to 0.10. Parts should be held at their formed condition to induce stress 
relaxation. Faster self-piercing rivet completion during the retrogression riveting and reaging 
process may reduce residual stresses in the lower sheet of a fastened joint, decreasing the likelihood 















1. The tear energy of AA7075-T6 increases more than fourfold from room temperature to 
200 °C.  Tear energies measured at 180 and 190 °C are from three to four times that at room 
temperature. Temperatures in the range of 180 to 200 °C are suitable for retrogression heat 
treatments, retrogression forming, and retrogression riveting of AA7075-T6.  
2. Stress relaxation at 200 °C quickly reduces residual stresses by up to 45% in AA7075-T6 
held at a constant strain.  Specimens deformed at the faster of two strain rates prior to stress 
relaxation testing experienced more stress relaxation than specimens deformed at the slower strain 
rate prior to stress relaxation.  The degree of stress relaxation measured did not depend on the 
plastic strain accumulated prior to stress relaxation. 
3. The results of this experimental study support the viability of RRRA and RFRA for 
AA7075-T6 sheet material at warm temperatures at or near 200 °C.  The significant increase in 
tear energy at warm temperatures increases the probability of successfully applying a self-piercing 
rivet without producing undesired fractures.  The improved tear resistance at warm temperatures 
is one likely reason for significantly improved formability at these temperatures.  The large, rapid 
stress relaxation observed at warm temperatures is likely to reduce the possibility of delayed 
fracture after application of a self-piercing rivet and reduce the springback experienced after die 
forming. 
4. Future investigations will further improve our understanding for the effects of warm 
temperature on the tear resistance and stress relaxation behaviors of AA7075-T6. It is 
recommended that future investigations consider how these phenomena may be applied to improve 
both existing and future industrial manufacturing processes. Experiments recommended for future 
investigations are as follows. Different orientations of the pulling direction compared to the sheet 
rolling direction of Kahn tear test specimens would be useful to develop an improved 
understanding of tear energy in AA7075-T6. The design of a SPR rivet gun with a localized heating 
mechanism would support experiments that represent a potential industrial RRRA process.  
 Additional fractography of Kahn tear test specimens could improve understanding for the 
observed transition from low-ductility shearing fracture at room temperature to a much more 
ductile fracture mode at warm temperatures. High-resolution electron backscatter diffraction (HR-
EBSD) might be used to estimate dislocation densities before and after stress relaxation and 
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